Introduction
============

Defective regeneration of the corneal epithelial basement membrane (EBM) has been shown to be a critical factor in the development of stromal myofibroblasts and the development of stromal fibrosis (opacity or haze) after injury, surgery, or infection of the cornea \[[@r1]-[@r4]\]. Studies suggest that the normal EBM modulates the penetration of epithelium-derived growth factors, including transforming growth factor β (TGFβ) and platelet-derived growth factor (PDGF), that drive the development and persistence of myofibroblasts \[[@r5],[@r6]\] from keratocyte- and bone marrow--derived precursor cells \[[@r3],[@r4],[@r7],[@r8]\]. Studies in the cornea \[[@r9]-[@r11]\] and other organs \[[@r12]-[@r19]\] have demonstrated that fibroblastic or mesenchymal cells produce basement membrane components and likely contribute to the development and regeneration of the basement membrane associated with normal tissue morphology and function.

Using transmission electron microscopy (TEM), the ultrastructure of the normal EBM includes the lamina lucida and the lamina densa ([Figure 1C](#f1){ref-type="fig"}). Although the actual appearance of the lamina lucida and the lamina densa noted with TEM may be an artifact of fixation \[[@r20]\], their presence in tissues fixed for traditional TEM is an indicator of normal structural composition in vivo \[[@r20]\]. Photorefractive keratectomy (PRK) in rabbit corneas provides a well-characterized and reproducible model for normal and defective EBM regeneration. Corneas that have low-correction PRK (−4.5D, for example) have normal regeneration of EBM over approximately 1 to 2 weeks ([Figure 1C](#f1){ref-type="fig"}) and remain relatively transparent without the development of stromal myofibroblasts, whereas corneas that have high-correction PRK (−9.0D, for example) have abnormal regeneration of EBM ([Figure 1D](#f1){ref-type="fig"}) without the regeneration of the lamina lucida and the lamina densa and acquire stromal fibrosis (haze or opacity) associated with the development and persistence of mature myofibroblasts in the stroma \[[@r1],[@r4]\]. These same correlations between the level of PRK correction and the healing of the cornea with or without anterior stromal fibrosis are also noted in human corneas that are not treated with mitomycin C except that the proportion of human corneas that develop haze after high-correction PRK is much lower (2% to 5%) \[[@r21],[@r22]\] than it is in the rabbit (100%) \[[@r1]\], and the time course for the development of maximal fibrosis is much longer in humans (approximately 3 to 4 months) \[[@r21],[@r22]\] than it is in the rabbit (approximately 1 month) \[[@r1]\].

![Transmission electron microscopy of the junction between the epithelium and the stroma at different time points after low-correction −4.5D photorefractive keratectomy (PRK) or high-correction −9.0D PRK in rabbits. e, epithelium; s, stroma. **A**: In a cornea at 7 days after −4.5D PRK, no discernable lamina lucida or lamina densa is present. Note, by chance, the specimen was cut such that the stacked collagen lamellas (\*) are seen in the stroma. Dense deposits of extracellular matrix (arrows) can be seen in the stroma just posterior to the epithelium. Magnification = 23,000X. **B**: In a cornea at 8 days after −4.5D PRK, most of the excimer laser-ablated zone had no lamina lucida or lamina densa. However, in one area (arrowheads) nascent lamina lucida and lamina densa can be noted. Again, dense extracellular matrix seen in the stroma just posterior to the epithelium. In the stroma, collagen lamellas (\*) that have been cut transversely can be noted. Magnification = 23,000X. **C**: In a cornea at 9 days after −4.5D PRK, there is a complete lamina lucida and lamina densa (arrowheads) across 100% of the excimer laser-ablated zone. Again, the dense extracellular matrix is noted just posterior to the intact epithelial basement membrane (EBM). In the stroma, collagen lamellas (\*) that have been cut transversely can be noted. **D**: In a cornea at 1 month after −9.0D PRK that developed severe stromal fibrosis (haze), no normal EBM is detected beneath the epithelium (arrowheads). The anterior stroma is filled with stacked myofibroblasts (arrows) with large amounts of intracellular rough endoplasmic reticulum and surrounding disorganized extracellular matrix (\*) that are the alpha-smooth muscle action+ (α-SMA) cells noted in [Figure 2A](#f2){ref-type="fig"}. Magnification = 23,000X. **E**: Slit-lamp photograph of a rabbit cornea at 1 month after −9.0D PRK. Note the dense haze (arrows) in the central excimer laser-treated cornea with the pupil dilated. Magnification = 40X. **F**: Slit-lamp photograph of a rabbit cornea at 1 month after −4.5D PRK. Note the cornea is clear without fibrosis, and thus, the iris details are clear. Magnification = 40X. Scale bars (**A**--**D**) = 2 µm.](mv-v23-39-f1){#f1}

The corneal EBM is assembled from four primary components: collagens (including collagen type IV), laminins (including laminin 332), heparan sulfate proteoglycans (HSPGs; including perlecan, Hspg2), and nidogens (1 and 2) \[[@r23]-[@r26]\]. Many other components, such as fibronectin, are also present, and some components are tissue specific \[[@r23]-[@r26]\]. The lamina lucida and the lamina densa layers that are present in the normal corneal EBM but absent in corneas with fibrosis \[[@r1]\] are composed of specific components that include perlecan, nidogen-1 and -2, and laminin 332 \[[@r26]\].

In the current study, TEM was used to study the time to full regeneration of the EBM lamina lucida and lamina densa after low correction −4.5D PRK in rabbits. This timing knowledge was then applied to use laser capture microdissection (LCM) \[[@r27],[@r28]\] to study the expression of mRNAs coding for nidogen-1, nidogen-2, perlecan, and laminin α-3 (LAMA3) in the anterior stroma of rabbit corneas at time points before the anticipated appearance of the fully regenerated lamina lucida and lamina densa after PRK to evaluate potential differences in the stromal expression of these key EBM components in corneas destined to heal with normal transparency (after low correction, −4.5D PRK) and corneas destined to heal with fibrosis (after high correction, −9.0D).

Methods
=======

Animals and PRK surgery
-----------------------

The Animal Control Committee at the Cleveland Clinic Foundation approved all animal studies described in this work. All animals were treated in accordance with the tenets of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Anesthesia was obtained by intramuscular injection of ketamine hydrochloride (30 mg/kg) and xylazine hydrochloride (5 mg/kg). In addition, topical proparacaine hydrochloride 1% (Alcon, Ft. Worth, TX) was applied to each eye just before surgery. Euthanasia was performed using an intravenous injection of 100 mg/kg pentobarbital while the animal was under general anesthesia.

Female New Zealand white rabbits, 12- to 15-weeks-old, weighing 2.5 to 3.0 kg each, were included in this study. One eye of each rabbit was selected at random for PRK surgery. Contralateral eyes were used in the control groups since no contralateral fibrosis effects have been detected after PRK. PRK with a 6.0 mm ablation zone was performed under general and topical anesthesia by placing an eyelid speculum within the interpalpebral fissure and removing 7 mm of the central corneal epithelium with a \#64 Beaver blade (Becton-Dickinson, Franklin Lake, NJ) and using a VISX Star S4 IR excimer laser (Abbott Medical Optics, Irvine, CA) to apply either −4.5D or −9.0D spherical ablation to the anterior stroma overlying the pupil. One drop of Vigamox (Alcon) was applied to the PRK and control cornea four times a day until the epithelium healed. The epithelium healed within 3 to 5 days in all corneas, and there was no statistically significant difference in the time to epithelial closure between the −4.5D and −9.0D groups.

Immunocytochemistry for alpha-smooth muscle actin
-------------------------------------------------

At different time points after PRK, the rabbits were euthanized, and the corneoscleral rims of the treated and untreated contralateral eyes were removed without manipulation of the cornea using 0.12 mm forceps and sharp Westcott scissors. For immunohistochemical analyses, the corneas were immediately embedded in liquid optimal cutting temperature (OCT) compound (Sakura FineTek, Torrance, CA). The corneas were centered within the mold so that the block could be bisected, and transverse sections cut from the center of the cornea. The frozen tissue blocks were stored at −80 °C until sectioning was performed. Central corneal sections (7 µm thick) were cut with a cryostat (HM 505M, Micron GmbH, Walldorf, Germany). Sections were placed on 25 mm × 75 mm × 1 mm microscope slides (Superfrost Plus, Fisher) and maintained frozen at −80 °C until staining was performed \[[@r8]\].

Immunohistochemistry was performed as previously described \[[@r1]\] to identify myofibroblast cells in the stroma. Immunofluorescent staining for alpha-smooth muscle actin (α-SMA) was performed using a mouse monoclonal anti-human alpha-smooth muscle actin clone 1A4 (Dako, Carpinteria, CA). The sections were viewed and photographed with a Leica DM5000 microscope equipped with Q-imaging Retiga 4000RV (Surrey, BC, Canada) camera and ImagePro software (Leica Microsystems, Buffalo Grove, IL).

Transmission electron microscopy
--------------------------------

TEM samples were prepared using the methods described by Fantes et al. \[[@r29]\]. Briefly, corneas at different time points after PRK or the control corneas were immediately placed in 2.5% glutaraldehyde and 4% paraformaldehyde with 0.2 M cacodylate buffer immediately after removal of the cornea and the scleral rim, and then the specimens were left in the fixative for a minimum of 24 h. The corneas were then rinsed with 0.2 M cacodylate buffer three times for 5 min each, post-fixed in 1% osmium tetroxide for 60 min at 4 °C, and dehydrated in increasing concentrations of ethanol from 30% to 95% for 5 min each at 4 °C. Finally, dehydration was performed using three 10 min rinses in 100% ethanol at room temperature and three 15 min rinses with propylene oxide at room temperature. Excised blocks of central anterior cornea were then embedded in epoxy resin medium. One micrometer thick sections cut perpendicular to the anterior corneal surface were stained with toluidine blue for orientation and light microscopy. Ultrathin 85 nm thick sections were cut with a diamond knife, stained with 5% uranyl acetate and lead citrate, and observed using a Phillips CM12 transmission electron microscope operated at 60 kV (FEI Company, Hillsboro, OR).

Laser capture microdissection
-----------------------------

The corneal tissues were fixed in the same way as described for immunocytochemistry in OCT compound and were immediately flash frozen using 2-methyl-butane in liquid nitrogen. Cryosections were cut from the central cornea with a Leica CM 1850 cryostat (Leica Microsystems Ltd., Milton Keynes, UK) with tissue thickness ranging between 12 and 15 µm. Collection and processing of the tissue, including RNA extraction, were performed under RNase free conditions. Immediately before LMD, cryosections on polyethylene terephthalate (PET) membrane slides (MicroDissect GmbH, Herborn, Germany) were stained with Arcturus Histogene staining solution (Thermo Fisher Scientific, Columbus, OH; [Figure 2](#f2){ref-type="fig"}). Laser capture microdissection was performed using a Leica AS LMD system (Leica Microsystems, Wetzkar, Germany). The laser parameters, such as the focal diameter of the beam, magnification, and numerical aperture of the applied objective lens, were adjusted for optimal results. LCM sections of thickness 35 µm (area about 40,000 µm^2^) were cut from the anterior stroma (AS) beneath the EBM of each cornea. The sections were collected in 0.5 ml tubes containing 70 μl of RNA*later* RNA Stabilization Reagent (Ambion).

![LCM strategy. **A**: Representative cornea stained for alpha-smooth muscle actin (α-SMA) and 4\',6-diamidino-2-phenylindole (DAPI) at 1 month after −9.0D PRK. The indicated α-SMA+ myofibroblast layer was 36 µm thick according to the ImagePro software. This was the minimum thickness measured in nine pilot corneas at 1 month after −9.0D photorefractive keratectomy (PRK). The nuclei of all cells were stained with DAPI. **B**: Representative cornea stained for α-SMA at 1 month after −4.5D PRK. Note that no α-SMA+ myofibroblasts were detected in the stroma. The epithelium was 34 µm thick. **C**: Corneal section stained with Arcturus Histogene before laser capture microdissection (LCM). E, epithelium; S, stroma. **D**: The same corneal section after removal of two 36 µm thick specimens from the stroma immediately posterior to the epithelial basement membrane (EBM). The areas of the two cut specimens that dropped from the laser-cut polyethylene terephthalate (PET) membrane slide directly into a microtube with 70 µl of RNA*later* RNA stabilization reagent (Ambion) is shown. Magnification = 400X.](mv-v23-39-f2){#f2}

Histological identification and isolation of anterior stromal cells from the cornea
-----------------------------------------------------------------------------------

To accurately dissect the AS from corneal sections, it was important to localize the corneal layers. Arcturus Histogene (Applied Biosystems, Roseland, NJ) staining allowed visualization of the epithelium, EBM, and stroma during laser microdissection ([Figure 2](#f2){ref-type="fig"}). Since rabbit corneas do not have a Bowman's layer, the region immediately posterior to the EBM was laser outlined such that the LCM specimen was 36 µm thick and limited to the central 6 mm of cornea that had been ablated during PRK or stromal tissue of similar thickness and position in control corneas that did not have PRK. The thickness of the AS specimens laser dissected from all corneas (after PRK and unwounded controls) was determined in a pilot experiment with nine corneas at 1 month after haze-producing −9.0D PRK that had immunohistochemistry for α-SMA and the average thickness of the α-SMA+ layer beneath the EBM in the excimer laser-ablated central cornea was found to be a minimum of 36 µm thick beneath the EBM ([Figure 2](#f2){ref-type="fig"}).

Extraction of total RNA and synthesis of cDNA
---------------------------------------------

RNA was isolated from corneal tissue specimens cut from each individual PRK or unwounded control cornea obtained with LCM using RNeasy micro kit solution (Qiagen, Valencia, CA), and the total RNA was extracted, according to the manufacturer's instructions. The cDNA for each cornea was synthesized from total RNA (75 ng) with the Thermoscript RT--PCR System (Thermo Fisher Scientific) using oligo (dT) primers according to the manufacturer's instructions.

Quantitative real-time PCR
--------------------------

Initial screening of cDNA for different genes of interest was performed using real-time PCR (RT--PCR). Primers were designed using Primer3 combined with [BLAST](https://www.ncbi.nlm.nih.gov/tools/primer-blast/) from [NCBI](https://www.ncbi.nlm.nih.gov) (Bethesda, MD) and primers ([Table 1](#t1){ref-type="table"}) were synthesized by Integrated DNA Technologies (Coralville, IO).

###### PCR primers designed for LCM-RT--PCR.

  **Gene**      **Primer sequences (5'-3')**                      **Size (bp)**   **Annealing (°C)**   **GenBank accession**
  ------------- ------------------------------------------------- --------------- -------------------- -----------------------
  ***NID1***    F: ATGGGTTCAGCATCACTGGG R: TAATGACCAGCTTGCCTGGG   81              58                   XM_017347600.1
  ***NID2***    F: CGTGCAAGACACGGAAGTCA R: GAGTTGGCTGGGACGTAAGG   141             58                   XM_008269653.2
  ***HSPG2***   F: CGTGGCAGTCAACACCAAAG R: TTCTTGATGCAGCCCGTGAT   105             58                   XM_017346486.1
  ***LAMA3***   F: CTCCCAAATGCCTCGTTCCT R: TTTGTACCGCACCCTGAGAC   138             58                   XM_002713604.1
  ***KERA***    F: AGTGCGGATGACTTTGATTG R: TGGCTTCTCTGGAATGGTTT   165             58                   XM_002711384.3
  ***KRT12***   F: GGCTCTCTGTATCTCCCCTCT R: CCATTTCCACGCTGACCT    541             59                   XM_002719366.3
  ***KRT3***    F: ATGTCCGTGGTGCTGTCC R: GCTGGCGTTCTGCTTCTT       267             60                   XM_002711005.2
  ***ACTB***    F: CACCCTCTCTCGACGAAACC R: CTGTCACCTTCACCGTTCCA   152             60                   NM_001101683.1

The quantitative measurement of nidogen-1, nidogen-2, perlecan, and LAMA3 mRNA levels from different corneal layers was performed with real-time PCR using a DNA Engine Opticon system (MJ Research, MA) with the SYBR Green PCR Master Mix (BioRad) in a one-step reaction according to the manufacturer's instructions. The thermal cycle was programmed for 30 s at 98 °C for initial denaturation, followed by 35 cycles of 10 s at 98 °C for denaturation, 10 s at 59°C for annealing, 10 s at 72 °C for extension, and 1 min at 72 °C for the final extension. The melting curves and gel electrophoresis of the end products were obtained to confirm the specificities of the PCR reactions. The relative quantification of target genes was determined using the ΔΔ^Ct^ quantitative RT--PCR method \[[@r30]\].

Statistical analysis
--------------------

A sample size of four corneas (four corneas from different animals) was used for each −4.5D, −9.0D, and normal unwounded control group at each time point in all experiments. Each experiment was repeated at least once. All data are represented as the mean ± standard deviation (SD), and the statistical significance of the difference among the −4.5D PRK corneas, −9.0D PRK corneas, and unwounded control corneas at each time point was analyzed using a non-parametric Kruskal--Wallis test. A p value of less than 0.05 was considered statistically significant.

Results
=======

Time to full regeneration of the lamina lucida and the lamina densa after −4.5D PRK
-----------------------------------------------------------------------------------

[Table 2](#t2){ref-type="table"} shows the results from 14 corneas of different rabbits that were analyzed with TEM at 23,000X to determine if there was full regeneration of the lamina lucida and the lamina densa over 100% of the excimer laser-ablated zone at time points from 7 to 19 days after surgery. Full regeneration of the EBM ultrastructure occurred between 8 and 10 days following −4.5D PRK. [Figure 1](#f1){ref-type="fig"} shows the TEM of representative corneas after −4.5D PRK. In [Figure 1A](#f1){ref-type="fig"}, a cornea at 7 days after PRK had no evidence of the lamina lucida or the lamina densa throughout the excimer laser-ablated zone. In [Figure 1B](#f1){ref-type="fig"}, a cornea at 8 days after PRK for the most part had no ultrastructural regeneration of the lamina lucida or the lamina densa, but there were small areas where nascent lamina lucida and lamina densa regeneration was detected. In [Figure 1C](#f1){ref-type="fig"}, a cornea at 9 days after PRK had full ultrastructural regeneration of the lamina lucida and the lamina densa throughout the excimer laser-ablated zone. A small stretch of that zone is shown in the high magnification TEM image ([Figure 1D](#f1){ref-type="fig"}). Note at all time points shown there were cells in the anterior corneal stroma immediately beneath the epithelium or the EBM. A slit-lamp photograph of a rabbit cornea at 1 month after −9.0D PRK shows dense haze in the central cornea, whereas in −4.5D PRK the cornea is clear without fibrosis, and thus, the iris details are clear ([Figure 1E,F](#f1){ref-type="fig"}).

###### Rabbit corneas at different time points after −4.5D PRK analyzed with TEM at 23,000X Mag.

  Days   n   LL/LD
  ------ --- --------
  7      2   \- / -
  8      2   \- / +
  9      2   \+ / -
  10     1   \+
  11     2   \+ / +
  13     1   \+
  15     1   \+
  17     1   \+
  19     2   \+ / +

\+ indicates lamina lucida and lamina densa fully-regenerated in minimum 95% of PRK ablated zone. - indicates lamina lucida and lamina densa detected in less than 95% of the PRK ablated zone.

Assessing the purity of the LCM specimens
-----------------------------------------

To confirm the specificity and purity of each LCM cDNA sample extracted from the LCM fragments combined from a single cornea, all samples were screened for epithelial and stromal cell markers with real-time PCR. Keratin 3 (K3) and Keratin 12 (K12) were used as the epithelium markers \[[@r31]\], and keratocan was used as the keratocyte marker \[[@r32]\]. The primers used for the analyses are listed in [Table 1](#t1){ref-type="table"}. Expression of keratocan was detected in all anterior stromal cDNAs prepared using LCM ([Figure 3](#f3){ref-type="fig"}). The epithelial markers were not detected in any of the AS LCM cDNA samples. This result confirmed that each AS specimen was free of epithelial contamination.

![Verification with LCM-RT--PCR of the lack of epithelial contamination in −4.5D PRK, −9.0D PRK, or unwounded control corneas. cDNA of laser capture microdissection (LCM) fragments cut from the anterior stroma of each cornea (as shown in [Figure 2](#f2){ref-type="fig"}) were analyzed using quantitative real-time PCR for keratocan (a keratocyte marker) and keratin 3 (K3) and keratin 12 (K12; epithelial cell markers). Keratocan (keratocytes), but not K3 or K12, mRNA was detected in all three types of anterior stromal samples. Any cDNA sample that showed K3 or K12 contamination was discarded, and cDNA was prepared from newly cut LCM fragments.](mv-v23-39-f3){#f3}

Analysis of corneal EBM components at different time points after PRK
---------------------------------------------------------------------

The expression of key lamina lucida and lamina densa component mRNAs of nidogen-1, nidogen-2, perlecan, and LAMA3 were analyzed with quantitative real-time PCR at 2, 4, and 7 days post −4.5D and −9.0D PRK. These time points were selected based on the results of preliminary TEM studies in which the lamina lucida and lamina densa layers of the EBM were found to fully regenerate in the −4.5D PRK corneas ([Table 2](#t2){ref-type="table"}) but not the −9.0D PRK corneas \[[@r1]\], at 8 to 10 days after surgery. Thus, the corneas were analyzed during the time interval when cells would be expected to produce components to regenerate the EBM lamina lucida and lamina densa.

At 2 days post PRK ([Figure 4](#f4){ref-type="fig"}), the relative levels of nidogen-1 mRNA in the anterior stroma were not statistically significantly different between the −4.5D PRK, −9.0D PRK, and unwounded control corneas. The nidogen-2, perlecan, and LAMA3 mRNAs were statistically significantly higher in the anterior stroma of the −4.5D PRK and −9.0D PRK corneas compared to the unwounded control corneas ([Figure 4](#f4){ref-type="fig"}). The nidogen-2 and laminin α-3 mRNA levels were statistically significantly higher in the −9.0D PRK corneas than in the −4.5D PRK corneas at 2 days after surgery ([Figure 4](#f4){ref-type="fig"}). These results suggest that the anterior stromal cells produce corneal EBM components to facilitate regeneration of the lamina lucida and the lamina densa.

![Analysis of EBM component mRNAs in the anterior stroma at 2 days after PRK with quantitative real-time PCR. Nidogen-1 (Nid-1) mRNA was not statistically significantly increased in the anterior stroma of −4.5D photorefractive keratectomy (PRK) or −9.0D PRK corneas compared with the unwounded control corneas at this early time point. The nidogen-2 (Nid-2), perlecan, and laminin α-3 (LAMA3) mRNAs were statistically significantly increased in the anterior stroma of the −4.5D PRK and −9.0D PRK corneas compared to the unwounded control corneas. The Nid-2 and LAMA3 mRNAs were statistically significantly increased in the anterior stroma at 2 days after surgery in the −9.0D PRK corneas compared with the −4.5D PRK corneas. (n = 4 for each group; \*\*\*, p\<0.01; \*\*\`).](mv-v23-39-f4){#f4}

At 4 days post-PRK ([Figure 5](#f5){ref-type="fig"}), the relative nidogen-1 mRNA levels were not statistically significantly different in the anterior stroma of the −4.5D PRK, −9.0D PRK, and non-wounded control corneas. The nidogen-2 and perlecan mRNAs in the anterior stromal were statistically significantly higher in the −4.5D and −9.0D PRK corneas than in the unwounded control corneas ([Figure 5](#f5){ref-type="fig"}), and the nidogen-2 mRNAs were statistically significantly higher in the −4.5D PRK corneas destined to regenerate the EBM than in the −9.0D PRK corneas destined to not regenerate the EBM and develop dense fibrosis. The laminin α-3 mRNAs were statistically significantly upregulated in the anterior stroma of the −4.5D PRK corneas, but the mRNA levels were not statistically significantly different between the −9.0D PRK and unwounded control corneas ([Figure 5](#f5){ref-type="fig"}).

![Analysis of EBM component mRNAs in the anterior stroma at 4 days after PRK with quantitative real-time PCR. Nidogen-1 (Nid-1) mRNA was not statistically significantly different in the −4.5D photorefractive keratectomy (PRK), −9.0D PRK, or unwounded control corneas. The nidogen 2 (Nid-2), perlecan, and laminin α-3 (LAMA3) mRNAs were statistically significantly higher in the anterior stroma of the −4.5D PRK and −9.0D PRK corneas compared to the unwounded control corneas. The nidogen-2 and laminin α-3 mRNA levels were statistically significantly higher in the anterior stroma of the −4.5D PRK corneas destined to maintain transparency and regenerate the epithelial basement membrane (EBM) than in the −9.0D PRK corneas destined to develop stromal opacity and not regenerate the EBM at 4 days after surgery. (n = 4 for each group; \*\*\*, p\<0.01).](mv-v23-39-f5){#f5}

At 7 days post-PRK ([Figure 6](#f6){ref-type="fig"}), the nidogen-1 and laminin α-3 mRNA levels were statistically significantly higher in the anterior stroma of the −4.5D PRK and −9.0D PRK corneas than in the unwounded control corneas, and the laminin α-3 mRNA levels were statistically significantly higher in the anterior stroma of the −4.5D PRK corneas than in the −9.0D PRK corneas ([Figure 6](#f6){ref-type="fig"}). The nidogen-2 mRNA levels in the anterior stroma were statistically significantly higher in the −4.5D PRK corneas than in the −9.0D PRK or unwounded control corneas ([Figure 6](#f6){ref-type="fig"}). The perlecan mRNA levels were not statistically significantly different in the anterior stroma of the three groups ([Figure 6](#f6){ref-type="fig"}). All mRNA-level experiments were repeated at least once for each PRK and unwounded control group at each time point, and the results were consistent between the different experiments.

![Analysis of EBM component mRNAs in the anterior stroma at 7 days after PRK with quantitative real-time PCR. Nidogen-1 mRNA was statistically significantly increased in the anterior stroma of the −4.5D photorefractive keratectomy (PRK) and --9.0D PRK corneas compared to the unwounded control corneas, but the PRK groups were not statistically significantly different from each other. The nidogen-2 mRNA was statistically significantly higher in the anterior stroma of the −4.5D PRK corneas at this time point just before ultrastructural epithelial basement membrane (EBM) regeneration compared to the −9.0D PRK corneas that are destined to not have ultrastructural EBM regeneration, and only the −4.5D PRK group was statistically significantly higher than the unwounded control group. LAMA3 mRNA was statistically significantly increased in the anterior stroma of the −4.5D PRK corneas at 7 days after surgery compared to the −9.0D PRK corneas or the unwounded control corneas. The difference between the −9.0D PRK corneas and the unwounded control corneas for LAMA3 did not reach statistical significance. The perlecan mRNAs were not statistically significantly increased in the anterior stroma of the PRK corneas from either group or the unwounded control corneas group. (n = 4 for each group; \*\*\*, p\<0.01).](mv-v23-39-f6){#f6}

LCM-RT--PCR was also performed on pure full-thickness LCM epithelial specimens of control unwounded, −4.5D PRK, and −9.0D PRK corneas at 5 days after surgery. In the unwounded control corneas, and at time points after wounding when the epithelial defects had fully closed in the −4.5D PRK and −9.0D PRK corneas (approximately 4 days after injury), the laminin α-3, perlecan, nidogen-1, and nidogen-2 mRNAs were also expressed in the corneal epithelium (not shown).

Discussion
==========

Transmission electron microscopy studies have demonstrated that ultrastructural abnormalities in the regeneration of the corneal EBM, including the absence of the lamina lucida and the lamina densa, play a role in the development of myofibroblasts and fibrosis (haze) after major injuries to the epithelium and the stroma, such as high-correction PRK without mitomycin C \[[@r1]-[@r4]\] or bacterial corneal ulcers (G. Marino and S.E. Wilson, unpublished data, 2016). These structural defects in the EBM likely correlate with functional EBM defects that allow epithelium-derived TGFβ and PDGF to penetrate into the anterior stroma at sustained levels necessary to drive the development of myofibroblast cells from keratocyte- and bone marrow--derived precursor cells ([Figure 1D](#f1){ref-type="fig"}) \[[@r1]-[@r4],[@r7],[@r8]\].

One of the most intriguing aspects of haze formation is that it rarely occurs in rabbit or human eyes that have minor injuries such as PRK for lower levels of myopia---even without mitomycin C treatment---although the procedure is otherwise identical to PRK for higher levels of myopia without mitomycin C. Thus, human or rabbit eyes that have PRK for less than −6.0D of myopia rarely develop significant haze \[[@r33]-[@r35]\]. As the level of correction increases beyond −6.0D, however, the incidence of haze and the density of the myofibroblasts in the anterior stroma increase in 2--5% of human corneas and in 100% of rabbit corneas \[[@r33]-[@r35]\]. Stromal surface irregularity caused by surgery, infection, or injury can mechanically impede EBM regeneration and result in anterior stromal fibrosis or haze \[[@r36]\]. The present study, however, supports the hypothesis that decreased production of EBM components laminin α-3 and nidogen-2 by cells in the anterior stroma at relatively early time points from 4 to 7 days after injury, and before the EBM fully regenerates, is a factor in defective EBM regeneration after more severe injuries (−9.0D PRK, for example) compared to less severe injuries (−4.5D PRK, for example) and leads to myofibroblast development and persistence, and associated anterior stromal fibrosis (haze). Although we have examined stromal cell production of mRNAs coding for laminin α-3, nidogen-1, nidogen-2, and perlecan that are known components of the lamina lucida and the lamina densa, other basement membrane components (including other laminins and collagens) we have not studied could also be produced by keratocytes and deficiencies of these other components could contribute to defective EBM regeneration after corneal injury, infection, or surgery. These fibrotic mechanisms likely also apply to non-healing epithelial defects after corneal injury, infection, or surgery. In situations where the epithelium does not close within 1 to 2 weeks, clearly even the nascent EBM is not laid down over the bare stroma, and TGFβ/PDGF from the peripheral epithelium and/or the tear film penetrates the stroma and drives the development of mature myofibroblasts from precursor cells.

A limitation of this study is the inability to monitor the expression of laminin α-3, nidogen-1, nidogen-2, or perlecan proteins in rabbit corneas. Multiple antibodies to the corresponding human and mouse proteins, including those that worked for immunocytochemistry for cultured rabbit cells in vitro \[[@r11]\], were tested but were not useful to localize proteins in rabbit tissues. However, studies detected upregulation of perlecan and nidogen-2 proteins in the keratocytes of human corneas within minutes of epithelial scrape injury \[[@r10]\]; therefore, it is likely the proteins are also expressed in rabbit corneal stromal cells and have altered expression after corneal injury. Connective tissue or mesenchymal tissue cells have been shown to produce basement membrane components in many other organs \[[@r12]-[@r19]\].

As the level of epithelial-stromal injury to corneas increases, the number and stromal depth of keratocytes undergoing apoptosis increase \[[@r35]\]. This keratocyte and anterior stromal apoptosis response (including bone marrow--derived cells invading the cornea) continues for a week or more after the injury \[[@r35]\]. Our working hypothesis is that once the healing corneal epithelium lays down the initial self-polymerizing laminin layer of the nascent EBM \[[@r26]\], deeper EBM components, including those that comprise the lamina lucida and the lamina densa, must, at least partially, be contributed by stromal cells ([Figure 7](#f7){ref-type="fig"}). In in vitro studies, nidogen-1 and nidogen-2 mRNAs were highly expressed in keratocytes, and perlecan was highly expressed in myofibroblasts, whereas corneal fibroblasts produced only small quantities of all three of these EBM components \[[@r11]\]. However, intracellular localization of the EBM components was also different between keratocytes and myofibroblasts. In keratocytes, nidogen-2 and perlecan proteins were noted predominantly in intracellular organelles, whereas in myofibroblasts both EBM component proteins were spread diffusely throughout the cell. Thus, we hypothesize that myofibroblasts cannot function to localize EBM components to the nascent EBM that forms after injury as do keratocytes.

![Schematic diagram illustrating hypothesized keratocyte contributions to EBM regeneration. We hypothesize that after corneal epithelial and epithelial basement membrane (EBM) injury, the epithelial defect heals, and the epithelium lays down self-polymerizing laminin 332 to form a nascent EBM. Once this layer is laid down, it forms a barrier that limits to some extent posterior penetration of the other EBM components needed to produce the structurally and functionally mature more posterior basement membrane that includes the lamina lucida and the lamina densa. These components must be provided by contiguous keratocytes that possibly need to be in direct contact with the nascent EBM based on the morphology and ultrastructure noted with TEM in [Figure 1A--C](#f1){ref-type="fig"}. These components provided by keratocytes could include laminin chains (such as laminin α-3), nidogens, perlecan, collagens (such as collagen type IV), and other components. In the rabbit PRK model, the laminin α-3 and nidogen-2 mRNAs were decreased in the anterior stroma of the corneas that had −9.0D photorefractive keratectomy (PRK) compared to the corneas that had −4.5D PRK during the days just before the appearance of the normal regenerated EBM in the corneas that do not develop fibrosis.](mv-v23-39-f7){#f7}

Immediately after epithelial or epithelial-stromal injury-induced anterior keratocyte apoptosis \[[@r35]\], bone marrow--derived cells invade the stroma in large numbers \[[@r7]\]. In every injured cornea, a race of sorts occurs between keratocyte repopulation of the anterior stroma and restoration of the normal EBM structure and function versus the development of myofibroblast precursors into mature myofibroblasts that will produce stromal fibrosis. If the injury is not severe (for example, epithelial scrape or low-correction PRK), keratocytes quickly repopulate the anterior stroma, the EBM is restored, and the developing myofibroblasts undergo apoptosis when they are deprived of high levels of epithelial TGFβ and PDGF needed for survival \[[@r8],[@r36]\]. If the epithelial-stromal injury is severe (for example, −9.0D PRK or severe stromal keratitis) or a rough stromal surface mechanically impedes EBM regeneration \[[@r37]\], then the keratocyte repopulation of the anterior stroma is delayed, or their function is impeded, and myofibroblast precursors (bone marrow--derived and keratocyte-corneal fibroblast-derived \[[@r7],[@r8]\]) become established in the anterior stroma and develop into mature vimentin+, alpha-smooth muscle actin+, and desmin+ (V+A+D+) myofibroblasts ([Figure 1D](#f1){ref-type="fig"} and [Figure 2](#f2){ref-type="fig"}) \[[@r6],[@r35]\]. In the latter case, normal EBM structure and function is not restored, persistently high levels epithelium-derived TGFβ and PDGF penetrate into the stroma, myofibroblasts (themselves opaque \[[@r38]\]) produce large amounts of disordered extracellular matrix ([Figure 1D](#f1){ref-type="fig"}), and fibrosis (haze) develops in the cornea.

Species variation in this process of fibrosis generation is especially interesting. Thus, in rabbits, 100% of corneas that have −9.0D PRK injury show defective EBM regeneration, mature myofibroblast repopulation of the anterior stroma, and accumulation of the disordered extracellular matrix associated with fibrosis and loss of transparency. In humans, however, only 2% to 5% of corneas that have high-correction PRK without mitomycin C develop mature myofibroblasts and fibrosis \[[@r21],[@r22]\]. The majority of these high-correction PRK corneas in humans have the anterior stroma repopulated by keratocytes with few, if any, mature myofibroblasts developing and little disordered extracellular matrix deposited. Teleologically thinking, myofibroblast precursors and mature myofibroblasts have vested interests in impeding EBM regeneration lest the levels of TGFβ and PDGF that penetrate from the epithelium in the absence of normal EBM barrier function decline and these cells undergo apoptosis. They accomplish this by establishing stacked layers of myofibroblasts beneath the epithelium ([Figure 1D](#f1){ref-type="fig"}) that physically impede repopulation of the anterior stroma with keratocytes.

Eventually, even the most fibrotic corneas can clear fibrosis and regain at least some level of transparency \[[@r39],[@r40]\]. In the rabbit model, severe anterior stromal fibrosis typically clears within months \[[@r3],[@r4]\]. Clearing occurs in a spotty distribution across the cornea with the appearance of clear lacunas where the EBM has finally regenerated, myofibroblasts have undergone apoptosis, and keratocytes have repopulated the subepithelial stroma---where they reabsorb the disordered extracellular matrix and reestablish the normal extracellular matrix associated with corneal transparency. These lacunas expand and coalesce over time until complete corneal transparency can be restored. This process takes approximately 3 to 4 months after −9.0D PRK injury in rabbits (G. Marino and S.E. Wilson, unpublished data, 2016). Similar restoration of transparency in human corneas that develop anterior stromal fibrosis after high-correction PRK typically takes years \[[@r21],[@r22]\]. Some human corneas do not have a return of transparency even many years following severe injuries or infections. Presumably, in these cases the fibrosis remains because the EBM is never regenerated, and the mature myofibroblasts and the disordered extracellular matrix they produce persist in the affected stroma. It is possible that measures to augment the production or delivery of EBM components by corneal stromal cells or to facilitate anterior stromal repopulation by keratocytes could be effective therapeutic measures to decrease corneal fibrosis or haze after corneal injury, infection, and surgery.

Fibrosis is common to the pathophysiology of diseases in many organs, including primary idiopathic pulmonary fibrosis in the lung \[[@r41]-[@r43]\], hypertrophic scars in the skin \[[@r44],[@r45]\], fibrosis of the heart \[[@r46]\] and fibrosis of the kidney \[[@r47]-[@r49]\]. We hypothesize that the model of epithelial-EBM injury and defective EBM regeneration associated with fibrosis in the cornea is relevant to other organs where there is chronic injury to parenchymal cells or defective basement membranes or imperfect regeneration of basement membranes.
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